We recently reported that single duplex DNA, with the size above the order of several tens kilobase pairs, undergoes a large discrete transition from an elongated coil into a collapsed globule with the addition of a cationic surfactant. In the present article, we describe the manner of the unfolding transition of compact long DNA, or globule DNA, complexed with cationic surfactants, cetyltrimethylammonium bromide ͑CTAB͒ and distearyldimethylammonium bromide (D 18 DAB), as is induced by the addition of sodium bromide. The conformational dynamics of individual single duplex T4DNA molecules was directly observed with the use of fluorescence microscopy. We found that on the level of individual DNAs, the salt-induced unfolding transition of the globules is largely discrete, or first-order phase transition for the both complexes with CTAB and D 18 DAB. On the other hand, for the ensemble average of the DNAs, the transition is discrete with CTAB but is continuous ͑sigmoidal͒ with D 18 DAB. The discreteness for the coil-globule transition in the ensemble of DNAs complexed with CTAB is attributed to the existence of the phase transition in whole over the bulk solution: the sphere-rod transition in surfactant micelles. On the other hand, for D 18 DAB such phase transition on the micelle structure in the bulk solution seems to be absent. In correspondence to such a large difference on the manner of the transition, x-ray diffraction analysis indicates marked difference on the structure of DNA complexes with CTAB and with D 18 DAB.
I. INTRODUCTION
Increasing interest has been directed to aqueous systems containing polyelectrolytes and oppositely charged surfactants, both for technological and biomedical importance. [1] [2] [3] Interaction between DNA polyion and oppositely charged surfactants results in ''complex'' formation, which exhibits considerable importance not only in the field of physical chemistry, but also for gene transfection. [4] [5] [6] [7] [8] The binding of surfactant ions to DNA macromolecules is highly cooperative due to hydrophobic effect and has been often interpreted with the term of phase transition. [9] [10] [11] However, all of the past studies on the surfactant binding have shown a continuous transition between free and completely bound polyelectrolyte. [12] [13] [14] Contrary to this, we have recently found that by the addition of cationic surfactants even with the concentrations far below the critical micelle concentration ͑CMC͒ individual long DNAs exhibit large discrete first-order phase transition between elongated coil and collapsed globule, by use of the experimental technique of single DNA observation with fluorescence microscopy ͑FM͒. [15] [16] [17] It has become clear that the ensemble average of DNA chains exhibits steep but continuos character of the transition. In other words, although the transition is markedly discrete on the level of single chains, the change on the level of ensemble looks like a typical cooperative transition without any discrete character due to the presence of a considerably wide coexistence region of coil and globule states.
To obtain a better understanding on the conformational change in single DNA macromolecules both on the level of single chain and on their ensemble average, we have focused our work on the effect of low-molecular-weight electrolyte on the unfolding transition of long DNA chains complexed with monoalkyl cationic surfactant, cetyltrimethylammonium bromide ͑CTAB͒, and dialkyl cationic surfactant, distearyldimethylammonium bromide (D 18 DAB).
II. EXPERIMENT

A. Materials
T4DNA, 166 kilobase pairs ͑contour length 57 m͒, 18 was purchased from Nippon Gene. Monodispersity of a͒ Also at Department of Polymer Science, Faculty of Chemistry, Moscow State University, Moscow 119899, Russia. b͒ Author to whom correspondence should be addressed.
T4DNA was checked by gel electrophoresis in 0.5ϫTBE buffer ͑45 mM tris, 45 mM borate, 1 mM EDTA ͑ethylene-diaminetetraacetic acid͒, pH 8.0͒. The concentration of T4DNA was determined spectrophotometrically; the molar extinction coefficient for DNA bases was 6600 M Ϫ1 cm Ϫ1 at 260 nm. The ratio of the absorbance of T4DNA stock solution at 260 nm to that at 280 nm was 1.8. The cationic surfactants, CTAB and D 18 DAB were obtained from Tokyo Kasei. CTAB was recrystallized twice from acetone and dried overnight under a vacuum at 25°C. The fluorescent dye 4Ј,6-diamidino-2-phenylindole ͑DAPI͒ and the antioxidant 2-mercaptoethanol ͑ME͒ were obtained from Wako and used without further purification. ME, a free radical scavenger, was used to reduce fluorescence fading and lightinduced damage of DNA molecules. Sodium bromide ͑Wako͒ was dried before use.
B. Methods
Fluorescence microscopic measurements were performed as follows. T4DNA molecules were diluted in 0.5 ϫTBE buffer solution containing 4% ͑v/v͒ ME and DAPI. The final concentrations of DNA and DAPI were 0.6 M in nucleotide units and 0.6 M, respectively. Under these conditions, the number of DAPI molecules bound per base pair is estimated to be 0.05, 19 and the persistence length is expected to remain nearly the same as in the absence of DAPI. 18, 20 The samples were illuminated with 365 nm UVlight and fluorescence images of DNA molecules were observed using a Zeiss Axiovert 135 TV microscope equipped with a 100ϫoil-immersed objective lens. The time series of the DNA images were recorded on S-VHS videotapes through a high-sensitivity Hamamatsu SIT TV camera. The apparent length of the long axis L which was defined as the longest distance in the outline of the DNA image, was evaluated with an image processor ͑Argus 10, Hamamatsu Photonics͒. Due to the blurring effect, L is estimated to be larger than the actual size by about 0.3-0.5 m.
15 Sample solutions, microscope slides, and coverslips were prepared as previously described. [15] [16] [17] It has been ascertained that the reported results do not depend on the timing of the mixing of the reagents.
Viscosity was measured by a Tokimec Visconic ELD viscometer at 35.0Ϯ0.1°C. Viscometer was calibrated with JS 2.5 calibration liquid ͑Showa Shell͒. For fluorescence microscopy and viscometry, the temperature was kept constant at the desired temperature with the precision of Ϯ0.1°using a water jacket, connected to a Neslab RTE-111 thermostating system. Fluorescence spectra were recorded on a Shimadzu UV-2200 spectrophotometer.
The samples for the x-ray diffraction experiments were prepared as follows. DNA was dissolved in 0.5ϫTBE buffer at 6.0ϫ10
Ϫ5 M in nucleotide units. Under gentle stirring, an aqueous solution of CTAB was added to the DNA solution in an equimolar ratio. The resulting precipitate was centrifuged for about 15 min at 3000 rpm using a KS-5000P centrifuge ͑Kubota, Japan͒. The resulting wet precipitate was used for x-ray diffraction measurements, which were performed using a double-mirror focusing camera with nickelfiltered Cu Kϰ radiation from a rotating anode RU200BEH x-ray generator ͑Rigaku, Tokyo, Japan͒ with a power of 1.2 kW. The sample-to-detector distance was about 220 mm. The typical exposure time was 15 h. X-ray diffraction patterns were recorded on imaging plates that measured 20 ϫ25 cm 2 ͑BAS-III, Fuji Photo Film Co. Ltd, Tokyo, Japan͒. The data on the imaging plates were digitized on a BAS2000 system ͑Fuji Photo Film Co. Ltd., Tokyo, Japan͒. Twodimensional diffraction patterns on the imaging plates were transformed into one-dimensional data as described elsewhere. 21 This process was performed on a FACOM M-780 computer at the Computation Center of Nagoya University. Figure 1 shows typical fluorescence micrographs on ͑a͒ collapsed globules of T4 DNA complexed with CTAB, and ͑b͒ elongated coiled T4DNA unfolded from the state of ͑a͒ by the addition of small electrolyte, ͓NaBr͔ϭ0.5 M. With the conditions that ͓CTAB͔ϭ1.0ϫ10 Ϫ4 M and very low DNA concentration ͑0.6 M in nucleotide͒ in the absence of NaBr, all of the T4DNA molecules were found to be in the collapsed globule state, without aggregation between DNA chains, as was confirmed with the time-sequenced observation with FM. Figure 2͑a͒ shows the change in the distribution of the long-axis length L of T4DNA at ͓CTAB͔ϭ1.0ϫ10 Ϫ4 M, depending on the NaBr concentration. Figure 2͑b͒ shows the ensemble average and the width of the distribution as the mean square deviation for the results given in Fig. 2͑a͒ . It is obvious from Fig. 2 the NaBr concentration is less than 0.40 M, all of the T4DNAs exhibited a compact globular conformation with almost constant L values. These globule DNAs show rather fast thermal fluctuations in aqueous buffer solution due to small hydrodynamic radii on the order of 0.1 m. 15 However, at the threshold salt concentration, 0.45 M, elongated DNAs appear to coexist with globular DNAs, i.e., coiled and globular chains with substantially different fluorescent intensities [15] [16] [17] are observed simultaneously in the solution. At ͓NaBr͔у0.50 M, globular DNAs with high fluorescence intensity disappear; DNAs exist only in the unfolded coil conformation. Figures 2͑a͒ and 2͑b͒ indicate that, after the unfolding of T4DNA globules, DNA macromolecules are about 3.5 m in size, i.e., similar to that before compaction at low CTAB concentration. 15 Next, we examined the behavior of DNA-CTAB complex in globule conformation at a CTAB concentration higher than that in the above experiment. Figure 2͑c͒ shows the effect of NaBr on the unfolding transition of T4DNA in the presence of ͓CTAB͔ϭ10ϫ10 Ϫ3 M, being ten times larger than that in Figs. 2͑a͒ and 2͑b͒. Interestingly, the threshold value of ͓NaBr͔ for the unfolding of DNA globules was the same ͑0.45 M͒ at both ͓CTAB͔ϭ10ϫ10 Ϫ3 M and ͓CTAB͔ϭ1.0ϫ10 Ϫ4 M. Figure 2͑d͒ presents data on the change in the long-axis length L of single DNA molecules in the T4DNA-CTAB system at a much higher surfactant concentration ͑0.137 M͒ while varying the NaBr concentration, at 35°C. As with the lower CTAB concentrations ͓Figs. 2͑b͒ and 2͑c͔͒, only collapsed globules present up to ͓NaBr͔ϭ0.3 M. Above ͓NaBr͔у0.40 M, the globular DNAs disappear and all of the DNA molecules exhibit an elongated conformation. The threshold concentration at ͓NaBr͔ Ϫ4 M. 200 DNA molecules were analyzed for each NaBr concentration. The final concentrations were as follows: DNA in nucleotide, 0.6 M; DAPI, 0.6 M; ME, 4% ͑v/v͒. ͑b͒ Long-axis lengths L of T4DNA vs NaBr concentration at constant ͓CTAB͔ϭ1.0ϫ10 Ϫ4 M. Error bars indicate the statistical error in the distribution ͓experimental conditions are the same as in Fig. 2͑a͔͒ . ͑c͒ Long-axis lengths L of T4DNA vs NaBr concentration at constant ͓CTAB͔ϭ1.0ϫ10 Ϫ3 M. 200 DNA molecules were analyzed for each NaBr concentration. Error bars indicate the statistical error in the distribution. The final concentrations were as follows DNA in nucleotide, 0.6 M; DAPI, 0.6 M ME 4% ͑v/v͒. ͑d͒ Long-axis lengths L of T4DNA vs NaBr concentration at constant ͓CTAB͔ϭ0.137 M. 200 DNA molecules were analyzed for each NaBr concentration. Error bars indicate the statistical error in the distribution. The final concentrations were as follows: DNA in nucleotide, 0.6 M; DAPI, 0.6 M; ME, 4% ͑v/v͒. ϭ0.35 M is a little bit lower compared to the results with less CTAB concentration ͓Figs. 2͑b͒ and 2͑c͔͒. By careful observation of the conformation at ͓NaBr͔ϭ0.35 M, we have noticed that some DNAs exhibits intrachain segregation: coil and globule parts coexist along a single chains. It is also noted that the discreteness of the transition at the transition point is softened a little bit. The transition curve with the less discrete character is thus partly attributable to the existence of the intrachain segregated state.
III. RESULTS
In order to clarify the mechanism of the transition of DNA chains in relation to the state of the surfactant molecules, we measured the solution viscosity. Figure 3 gives the change in the viscosity of the DNA solution at ͓CTAB͔ϭ0.137 M. At low concentrations of NaBr, the viscosity stays nearly constant, and then increases slightly, which is attributed to the formation of ellipsoidal micelles in the surfactant solution. 22 At higher concentrations of NaBr, the viscosity tends to increase rather steeply. Figure 3 shows an inflection point at ͓NaBr͔Ϸ0.35 M, indicating that the inflection point in the viscosity coincides with the transition point in the conformation of T4DNA as observed by FM ͓Fig. 2͑d͔͒. The sharp increase in viscosity at a high concentration of NaBr is most probably due to the sphere-rod transition of surfactant micelles in the surrounding aqueous solution. [23] [24] [25] [26] Then, let us describe the manner of the unfolding transition of DNA induced by D 18 DAB. The chemical structure of the hydrophilic group is essentially the same for CTAB and D 18 DAB, while the hydrophobicity and geometrical shape of the alkyl tails are quite different. Therefore, D 18 DAB forms vesicles, rather than rodlike micelles in solution. 27 Figures 4͑a͒ and ͑b͒ show the change in the longaxis length L of T4DNA in the presence of a D 18 DAB at ͓D 18 DAB͔ϭ4.0ϫ10
Ϫ6 M with a change in the NaBr concentration. The region of the coexistence of coil and globule DNA is very wide, between 0.10 and 0.35 M in contrast to the transition in T4DNA-CTAB systems. In relation to the unfolding transition, recently it has been reported that the collapsing transition of DNA caused by the addition of D 18 DAB also exhibits rather wide coexisting region, two orders of magnitude on the surfactant concentration. 17 Figure 4͑b͒ clearly shows that on the level of the ensemble average of the DNA molecules, the transition curve looks like a typical sigmoidal line, i.e., the transition is not any kind of phase transition but a cooperative one. On the contrary, the all or none character on the level of individual DNA molecules, is the same both for CTAB and D 18 DAB.
From the measurements with fluorescence microscopy we have obtained the unfolding transition in the DNA complexes with ''course graining,'' or with low resolution. To clarify the microscopic structure in the DNA complexes, we performed x-ray diffraction measurements of DNAsurfactant complexes. Ϫ6 M. 200 DNA molecules were analyzed for each NaBr concentration. The final concentrations were as follows: DNA in nucleotide, 0.6 M; DAPI, 0.6 M; ME, 4% ͑v/v͒. ͑b͒ Long-axis lengths L of T4DNA vs NaBr concentration at constant ͓D 18 DAB͔ϭ4.0ϫ10 Ϫ6 M. Error bars indicate the statistical error in the distribution ͓experimental conditions are the same as in Fig. 4͑a͔͒ . D 18 DAB, respectively. In Fig. 5 , the DNA-CTAB complex shows two broad diffraction peaks in the small-angle region. As the ratio in the reciprocal spacing for the two diffraction peaks is 1/), the packing structure with somewhat irregular hexagonal lattice is expected in the DNA-CTAB complex. Such a hexagonal structure of the complex has been already found in a recent research with short DNA chains. 28 On the other hand, for D 18 DAB complex four sharp reflection peaks appear in the small-angle region ͓Fig. 6͑a͔͒. The small peak observed on the wider-angle side of the highest peak has a spacing of ca. 39 Å, which is consistent with previously published results on the crystal structure of dialkyldimethylammonium halides. 29, 30 This suggests that a trace amount of anhydrated D 18 DAB molecules is left in the sample, due to the low solubility of D 18 DAB. The other three small-angle diffraction peaks give a reciprocal spacing ratio of 1:2:3. This fact clearly indicates that the DNA-D 18 DAB complex forms a highly ordered multilamellar structure. The lamellar spacing is ca. 48.4 Å. In addition to these lamellar diffraction peaks, a small diffraction peak with a spacing of 4.13 Å is observed in the wide-angle region ͓Fig. 6͑b͔͒. From the symmetric shape of the diffraction peak it becomes clear that the alkyl tails of D 18 DAB are packed in a hexagonal lattice. 31 Thus, it has become clear that the complex structures are markedly different from each other with CTAB and D 18 DAB. Although the complex is highly concentrated for the measurement with x-ray diffraction compared to the experimental conditions with fluorescence microscopy measurement, the large difference of the complex structure is expected to be connected with the difference in the unfolding transition on the level of the ensemble of DNA molecules.
IV. DISCUSSION
A. Phase transition in a finite system is dominated by that in a large system
On the basis of the above results, the difference in the nature in the unfolding transition of DNA with CTAB and D 18 DAB is depicted in schematic manner in Fig. 7 . Such a difference is considered to be due to the competition among various types of physicochemical processes; conformation of DNA; aggregation of the micelle, the condensation and release of small ions, interaction of DNA with the surfactant, etc. Although our experimental system is rather complicated, in the following we would like to try to grasp the essential feature on the unique behavior of the transition of DNA chain interplaying with the process of micelle formation.
Let us consider a polymer chain which contains N segments with persistence length L and width D. The free energy per single chain is expressed as a function of swelling coefficient ␣(ϭR/R 0 ), where R and R 0 are the gyration radius for a real polymer chain and an ideal Gaussian chain, respectively.
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Here the first term describes elastic free energy, and the second and third terms are the free energy of interaction. B and C are the second and third virial coefficients for the interac- tion of the segments. The dependence of the equilibrium swelling coefficient of the polymer chain in the solvent can be found by minimizing free energy F over ␣. As a result, we obtain the following relationship,
where ϭBN 1/2 /dl 1/2 , yϭC/l 6 . The parameter characterizes the solvent quality and y is related to the flexibility of the chain. From Eq. ͑2͒, it becomes clear that, for chains with sufficient stiffness (l/d ӷ1), ␣ exhibits three real positive roots at a fixed value, where two roots ͑␣ c and ␣ g ; ␣ c ӷ␣ g ͒ are stable and one is unstable with respect to a small perturbation. This has the physical meaning that elongated coil ␣ c and collapsed globule ␣ g states coexist with a finite parameter width ͑0Ͻ l ϽϽ h , where l and h are the lower and higher limits of the coexistence͒. It is predicted that the width of the coexistence, ⌬ϭ h Ϫ l , decreases with the increase of the segment number N. In other words, the finiteness of the coexistence region is attributed to the finiteness of the number of elements, N. It is to be noted that in usual first-order phase transition the coexistence is found only at the phasetransition point with respect to an intensive variable, such as temperature, pressure, or chemical potential in the environment. Such a trend is well known as the central limit theorem in statistical physics, 33 which is due to the infiniteness of the number of elements in a system. As a next step, let us discuss the effect of the finiteness in the number of elements in relation to our experimental results.
As for DNA in usual aqueous environment, the persistence length is ca. 50 nm. Since the segment length L is double the persistence length, lϭ100 nm. In the case of T4DNA with the counter length of 57 mm, the total number of segments N is, thus, ca. 600. Because of this finiteness of N, the phase transition between elongated coil and collapsed globule in the level of individual chains appears continuous in the ensemble, that is, there is no discreteness in the transition curve of the ensemble average including its derivative. As the change in the solvent conditions ͑environment͒ corresponds to the change of the interaction parameters, B and C, it may be allowed to consider that Eq. ͑1͒ is applicable to the interpretation of the transition of DNA chain.
In usual experiments to change the solvent conditions, the terms B and C will change in a continuous manner accompanied with the change in the concentration of chemical species. Thus, the result schematically depicted as in Fig.  8͑b͒ will be obtained for ͗␣͘, the ensemble average of the DNA size. In contrast to this, if the state parameter in the environment will change in an abrupt manner as in the case of sphere-rod transition of surfactant micelles, the interaction terms, B and C, will also change in a discrete manner. Then, such a discrete change will cause the discrete transition on the ensemble of the DNA chains as in Fig. 8͑a͒ . As for the transition of the surfactant micelles, the transition should be discrete according to the central limit theorem, that is, the number of the surfactant molecules in the bulk solution is ''infinitely'' large. Along this line of the theoretical consideration, the marked different character on the transition, whether cooperative or discrete is explained as shown in Fig. 8 .
B. Phase transition in the bulk solution
In a previous study we have shown that CTAB induces collapse transition on DNA molecules at a very low surfactant concentration of about 10 Ϫ5 M, below the CMC (ca. 10 Ϫ3 M). 15 Such a result has been discussed in relation to the formation of micellelike aggregates with the help of polyanion. 16 These complexes are formed through interaction of the negatively charged DNA phosphate groups with surfactant counterions and stabilized by hydrophobic interaction of the hydrocarbon tails of the surfactant molecules. The surfactant ions, which form micellelike aggregates in a globular T4DNA-CTAB complex and micelles in solution are in dynamic equilibrium.
Then, with the addition of NaBr up to a critical threshold concentration, rodlike surfactant micelles are formed in the bulk solution. It has been well established that the sphere-rod conversion of ionic micelles appears as an abrupt transition with respect to the salt concentration. 34 In other words, the chemical potential of the surfactant, together with that of the coexisting monovalent ions, changes in a discrete manner at the sphere-rod transition. With regard to the free energy of the DNA-surfactant complex, the experimental trend as in Fig. 2 means that the free energy of ''coiled DNA/rodlike micelle'' systems suddenly becomes lower than that of a ''DNA-surfactant complex/rodlike micelle'' system at high concentration of NaBr. As a result, the transition from the globule to coil states is induced simultaneously in all of the DNA chains; the ensemble of DNAs exhibits discrete transition.
As has been discussed in the preceding section, when the size of DNA molecules is large enough ͑more then several kilo base pairs͒, the coil-globule transition is discrete at the level of individual DNA chains, whereas the transition is continuous at the level of the ensemble of DNA chains. 16 Thus, the markedly discrete character for the unfolding, transition on the ensemble of the DNA-CTAB complexes shown in Figs. 2͑a͒-2͑d͒ , indicates that the existence of some kind of discrete transition whole over the solution which is most probably attributable to the sphere-rod transition of CTAB micelles.
The expectation that the transition from the globule to coil states in DNA chains is driven by the sphere-rod transition of CTAB is supported by the existence of the inflection point in the solution viscosity as a function of ͓NaBr͔, for the case ͓CTAB͔ϭ0.137 M ͑Fig. 3͒. Unfortunately, at lower CTAB concentrations, we have failed to detect the inflection point in the dependency of the solution viscosity on ͓NaBr͔. Such a failure may be simply related to the technical difficulty to detect the change at low surfactant concentration. The similar behavior on the manner of the unfolding transition at higher surfactant concentration ͓CTAB͔ϭ1.0 ϫ10 Ϫ4 M and ͓CTAB͔ϭ10ϫ10 Ϫ3 M may simply be explained by the existence of the sphere-rod transition in the bulk solution even at low surfactant concentration. This consideration is supported by the markedly different profile of the transition of DNA from coil to globule states induced by the dialkyl cationic surfactant D 18 DAB ͑see Fig. 6͒ , which shows a continuous character of the unfolding transition on the DNA ensemble. The continuous transition for the ensemble of DNAs ͑i.e., the finite width of the transition region͒ is described by the gradual change in the chemical potential of D 18 DAB in the system.
Further detailed study on the manner of interaction between DNA and cationic surfactant is necessary to make clear the whole story of the transition, including the direct observation in the change of the micelle structure together with that of the DNA conformation. Especially, the observation on conformation of the rodlike micelle at very low CTAB concentration as in Fig. 2 is an important target as the next study.
In the present article, we have proposed a new concept that the phase transition in a finite system is dominated by that in a large system. Future studies based on this concept are expected to open a novel area in chemical physics.
